Abstract: The subject of this study was the validation of a high-performance liquid chromatography method for the analysis of amino acids in fodder. The contents of amino acids were determined in maize, soybean, soybean meal, as well as in their mixtures enriched with different amounts of methionine, threonine and lysine. The method involved the acid hydrolysis of the sample (6 h at 150 °C), automated derivatisation of the amino acids with the aid of o-phthaldialdehyde and 9-fluorenylmethyl chloroformate reagents, separation on a ZORBAX Eclipse-AAA column and detection using a diode-array detector. The method is characterized by high specificity (the difference between the retention times of the fodder samples and standard mixtures were below 1.7 %), wide linear range (from 10 to 1000 nmol cm -3 , r 2 = 0.9999), high accuracy (recovery 93.3-109.4 %), and the precision of the results (RSD below 4.14 % in the case of repeatability and below 4.57 % in the case of intermediate precision). The limit of detection and the limit of quantification were in the ranges 0.004-1.258 µg cm -3 and 0.011-5.272 µg cm -3 , respectively. The results demonstrated that the procedure could be used as a method for the determination of the composition of primary amino acids of fodder proteins.
INTRODUCTION
The determination of the amino acid composition of the proteins in food is of great importance. 1 Namely, the amino acid level is an indicator of the nutritional value of food and fodder proteins. 2 As a laboratory technique, the analysis of amino acid plays an important role in biochemical, pharmaceutical and biomedical fields. 3 Hitherto, several different methods have been developed for the HPLC DETERMINATION OF AMINO ACIDS IN FEED 841 the second procedure appeared to be more suitable, it was applied for the determination of amino acids in maize, soybean, soybean meal, as well as in their mixture enriched with different amounts of methionine, threonine and lysine. The procedure was validated based on the specificity, linearity, accuracy, precision, limit of detection and limit of quantification for different fodder samples. EXPERIMENTAL 
Materials
Acetonitrile (LC grade), methanol (LC grade), and phenol (p.a. grade), were purchased from Sigma-Aldrich (St. Louis, MO). Borate buffer, OPA and FMOC reagents and standard solutions of mixture of 15 amino acids (10, 25 , 100, 250 and 1000 nmol cm -3 ) were obtained from Agilent Technologies (Waldbronn, Germany). Hydrochloric acid, used for the preparation of 6 mol dm -3 and 0.1 mol dm -3 HCl, was obtained from Lach-Ner (Neratovice, Czech Republic). Sodium phosphate monobasic was purchased from Acros Organics (New Jersey, USA). Nitrogen gas was purchased from Messer Technogas (Belgrade, Serbia). LC grade water was produced by a Heming ID-3 system (Belgrade, Serbia). The reference material of a complete fodder mixture for piglets was purchased from the National Reference Laboratory of the Central Institute for Supervising and Testing in Agriculture (Brno, Czech Republic).
Apparatus
Vacuum hydrolysis tubes (19 mm×100 mm) were obtained from Pierce (Rockfors, IL). Cellulose membrane syringe filter (0.22 µm pore size), screw cap vials and screw caps were purchased from Agilent Technologies (Waldbronn, Germany). Blue-labelled filter discs (quant.) grade: 391 were obtained from Munktell (Bärenstein, Germany).
The hydrolysis was performed using a Reacti-Therm TM heating/stirring module (Thermo Scientific, Rockford, IL), while the evaporation procedure also included a Reacti-Vap TM Evaporator (Thermo Scientific, Rockford, IL).
The analysis was performed on an Agilent 1260 Infinity liquid chromatography system, equipped with a µ-degasser (G1379B), 1260 binary pump (G1312B), 1260 standard autosampler (G1329B), 1260 thermostated column compartment (G1316A), 1260 diode array and multiple wavelength detector (G1315C), and a Zorbax Eclipse-AAA column (150 mm× 4.6 mm, i.d., particle size 5 μm) (Agilent Technologies, Santa Clara, CA).
Procedure
Samples. Maize, soybean, and soybean meal were analyzed for their amino acid content. Then, a mixture of maize, soybean, and soybean meal was made in the mass ratio 70:15:15. The mixture was divided into four parts, and one part, marked as "zero", was used as such, while the other three parts were supplemented with methionine, threonine and lysine in different concentrations. The mixtures "one", "two" and "five" contained 0.1, 0.2 and 0.5 % of each added amino acids, respectively.
Preparation of protein hydrolysates. The fodder samples and the mixtures were finely ground to pass through a 0.5 mm sieve. The samples were then hydrolyzed by two different procedures. First, 0.1-1.0 g was weighed (equivalent to 10 mg nitrogen content) into a screwcapped test tube and 2 cm 3 of 6 mol dm -3 HCl was added. The tubes were capped and the samples were hydrolyzed for 24 h at 110 °C. After the hydrolysis, the mixtures were evaporated to dryness under vacuum. The hydrolysates were reconstituted in 2 cm 3 of 0.1 mol dm -3 HCl. 27 842 JAJIĆ et al.
In the second procedure, samples of the same mass were weighed into vacuum hydrolysis tubes and 7 cm 3 of 6 mol dm -3 HCl with 0.1 % of phenol were added and mixed gently. The hydrolysis was realised in a Reacti-Therm TM heating/stirring module for 6 h at 150 °C. After the hydrolysis, the samples were cooled to room temperature and evaporated to dryness using a Reacti-Therm TM heating/stirring module and Reacti-Vap TM Evaporator, at 70 °C under a stream of nitrogen. The residues were quantitatively transferred into 50 cm 3 volumetric flasks using 0.1 mol dm -3 HCl. The solutions were filtered through quantitative filter paper into glass tubes and the filtrates were purified using 0.22 µm pore size, cellulose membrane syringe filters. 27 HPLC Determination. The chromatographic conditions employed were in accordance with the Agilent method, 25 except for mobile phase A, which consisted of 5.678 g of Na 2 HPO 4 per 1 dm 3 water, adjusted to the pH 7.8 with a 6 mol dm -3 HCl solution (buffer strength 40 mmol dm -3 ). The mobile phase B was acetonitrile-methanol-water (45:45:10, vol. %). Briefly, the hydrolyzed samples or the solutions the standard amino acid mixture were automatically derivatised with OPA and FMOC by programming the autosampler (1. draw 2.5 µl from vial 1 (borate buffer), 2. draw 0. 
RESULTS AND DISCUSSION
The hydrolysis is an extremely important step in amino acid analysis because it significantly affects the amino acid recovery. 28 During traditional acid hydrolysis, cysteine and tryptophan are destroyed, 29 and losses of serine, threonine and tyrosine are observed. 7 Besides the losses of some amino acids, their quantification after traditional hydrolysis is quite hard and insufficiently precise. As can be seen in Fig. 1 , the peaks of all amino acids are unsuitable for quantification. On the other hand, when the samples were hydrolyzed according to the second procedure, with a shorter hydrolysis time and hydrolysate evaporation under a stream of nitrogen, amino acid quantification was very good (Fig. 2) . This is also supported by the chromatogram obtained for the standard amino acid mixture (Fig. 3) . The shorter period of hydrolysis and better quantification clearly confirmed the advantage of the second hydrolysis procedure, which was then used for all samples.
Hence, the validation parameters were estimated for the amino acids that gave satisfactory results at the recovery level, which included aspartate (ASP), glutamate (GLU), serine (SER), glycine (GLY), threonine (THR), arginine (ARG), alanine (ALA), tyrosine (TYR), valine (VAL), methionine (MET), phenylalanine (PHE), isoleucine (ILE), leucine (LEU) and lysine (LYS). Unfortunately, none of the secondary amino acids, derivatised by FMOC reagent, gave satisfactory results. In order to achieve a complete assessment of the validation parameters of the method, both the amino acid standard mixtures and fodder samples were analysed. This provided the validation of all steps in the amino acid analysis of the fodders. Specificity. With the aim of studying the specificity of the method, a comparison was made of the retention times (t R ) of five different concentrations of standard solutions of the amino acid mixture (Table I) and seven different fodder samples (Table II) . As can be seen from the Tables, the t R values were not significantly influenced either by the concentration of amino acids, or by the matrix. Namely, the relative standard deviation (RSD) of the t R values of the standard amino acid mixtures was in the range from 0.02 to 0.52 % (Table I) , and for the fodder samples, in the range from 0.02 to 0.46 % (Table II) . As can be seen from the mean values of t R for the standard amino acid mixtures and fodder samples, presented in Table III , there were slight variations between the t R values, ranging from 0 to 1.7 %. According to Reason, 30 for specific methods, the difference between t R values should be within ±3 %. Linearity. The linearity was established using five standard solutions containing 10, 25, 100, 250 and 1000 nmol cm -3 of each amino acid. The data of peak area vs. amino acid concentration were treated by linear least squares regression analysis. The values of the slope, intercept and the coefficient of determination of the calibration curve for amino acids are given in Table IV than 0.98. 30 In the present study, the area response obeyed the equation y = bx + a. The high value of the coefficient of determination indicates a good linearity, i.e., R 2 in all cases was 0.9999 except for phenylalanine, where R 2 was 0.9986. Accuracy. Accuracy may be defined as the agreement between the found value and the true value of the reference material provided by a reference laboratory, and can be presented as the percent recovery. This validation parameter was estimated by analyzing the reference material of the complete fodder mixture for piglets. The analysis was performed three times on three different days, by repeating the whole analytical procedure. After the analysis, the percent recovery was calculated for every well-recovered amino acid and the results are presented in Table V . As can be seen, the best percent recovery was obtained in the case of serine (99.4 %), while lysine had the highest (109.4 %) and methionine the lowest (93.3 %) percent recovery. The average percent recovery, considering all amino acids, was 104.6 %, which is within the range of 90-110 %, which can be considered acceptable. 30 Only in case of cystine and proline was no satisfactory recovery obtained.
Precision. In this work, the precision was estimated by measuring the repeatability and intermediate precision. In the case of repeatability, the same sample of maize was derivatised and injected 6 times in a row and then the RSD was calculated for each amino acid. The obtained RSD values were in the range of 1.82-4.14 % (Table VI) , which, being less than 5 %, could be considered acceptable. 30 The intermediate precision was estimated by repeating the whole analytical procedure on three different days. The same maize sample was hydrolyzed three times, derivatised, and injected, separately on three different days. As can be seen Limit of detection and limit of quantification. The limit of detection (LOD) and the limit of quantification (LOQ) were determined based on the standard deviation of the response and the slope of the linearity plot. The LOD is calculated as 3.3α/b and LOQ as 10α/b, where α is the standard deviation of the y-intercept and b is the slope of the calibration curve. 30 The LOD and LOQ values calculated for each well-recovered amino acid are presented in Table VIII . The lowest LOD level was observed for arginine (0.004 µg cm -3 ) and the highest 
CONCLUSIONS
The achievement of the study is a reliable and high throughput method for the separation and quantification of amino acids in the routine analysis of fodder. The method is based on the automated pre-column derivatisation of fodder samples using a combined OPA/FMOC reaction, which guarantees highly repro-ducible reaction times and lack of degradation, and provides an important contribution to the results. The method appeared to be highly specific, accurate, precise, and linear across the analytical range. The LOD and LOQ values were in the range of 0.004-1.258 µg cm -3 and 0.011-5.272 µg cm -3 , respectively. The acid hydrolysis with 6 mol dm -3 HCl at 150 °C lasting 6 h, not only shortened the analysis time by 3 to 4 times, but also resulted in the chromatograms that were significantly more suitable the quantification of amino acids in fodder.
